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[57] ABSTRACT 
Fuel cell comprising anolyte and catholyte compart 
ments separated by a diffusion barrier and using sodium 
sul?de aqueous solution as anolyte and an aqueous cath 
olyte solution. The apparatus is controlled to maintain a 
positive pressure differential across the anolyte/cath 
olyte interface in the barrier towards the anolyte side to 
attenuate sul?de ion migration to the catholyte and 
reduce solid sulfur precipitation in the catholyte and 
thereby attenuate consequent cathode passivation or 
other forms of catholyte compartment poisoning. 

3 Claims, 5 Drawing Figures 
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METHOD OF OPERATING A FUEL CELL 

CROSS REFERENCE TO RELATED 
APPLICATIONS 

This is a streamline continuation of copending appli 
cation Ser. No. 296,243 ?led Oct. 10, 1974, now aban 
doned. ~ 

This application concerns an improvement on the 
subject matter described in our copending US. patent 
application Ser. No. 256,924 ?led May 25, 1972 now 
US. Pat. 3,920,474. Reference is also made to the co 
pending application of Zito, Serial No. 300,244 ?led of 
even date herewith now abandoned and entitled “Im 
proved Fuel Cell” and to the copending application of 
Zito, Ser. No. 27,488 ?led July 25, 1972, now abandoned 
and to the copending US. patent application of Wil 
liams, Ser. No. 276,149 ?led July 28, 1972, now US. 
Pat. No. 3,881,956. All of said applications are of com 
mon assignment herewith and incorporated herein by 
reference as though set out at length herein. 

BACKGROUND OF THE INVENTION 

Fuel cells of the liquid/liquid type-Le. having ano 
lyte and catholyte with the anolyte containing a fuel 
and the catholyte containing an anti-fuel-can utilize 
sul?de ion containing fuels to produce high power lev 
els and energy storage levels in a fuel cell construction 
which is simple and economical to build and operate. 
The maintenance of energy conversion performance of 
the fuel cell is subject to deterioration if molecular sul 
fur is allowed to form and collect on the anode or cath 
ode. The problem on the anolyte side is inherently mini 
mized if a sufficient concentration of sodium sul?de is 
utilized in the anolyte because the sul?de solution dis 
solves molecular sulfur readily. 

It is an important object of the present invention to 
provide further improvement in fuel cells of the type 
described. 

It is a further object of the invention to provide a 
mechanism for limiting the possibility of free sulfur 
formation in the catholyte of fuel cells of the type de 
scribed, using sul?de ion in the anolyte. 

It is a further object of the invention to provide low 
cost, simple means for removing operating life limita 
tions of fuel cells containing sodium sul?de or other 
liquid-liquid fuel cells, consistent with one or both of 
the preceding objects. 

SUMMARY OF THE INVENTION 

In accordance with the present invention, fuel cell 
apparatus is constructed and operated in a way to estab 
lish and maintain a catholyte/anolyte interface in the 
separating membrane which is biased towards the ano 
lyte side. 
In preferred and distinctly advantageous embodi 

ments, this is accomplished by establishing a pressure 
differential between the anolyte and catholyte systems 
with the catholyte system having a higher pressure than 
the anolyte system thereby providing a pressure gradi 
ent towards the anolyte side. The pressure gradient is 
established across the barrier in an amount effective to 
displace the two-electrolyte interface (hereafter re 
ferred to as the interface) to a position where some 
means may be employed to remove harmful reaction 
products or where diffusion of one component through 
the barrier is prevented by a counter flow of the oppo 
site electrolyte. 
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2 
Where the anolyte comprises aqueous sul?de and the 

catholyte is a nonmetallic oxidizing agent, the free sul 
fur formed at the interface by direct combination is 
redissolved in the anolyte if the interface is displaced to 
the anolyte surface of the barrier where there is a con 
stant excess of sul?de ion. If the interface were within 
the barrier, solid sulfur would clog the pores. If the 
interface were at the cathode face of the barrier, colloi 
dal sulfur would form in the catholyte with deleterious 
effects on performance and cathode life. Where the 
separator is a 1 mil thick electrochemical grade micro 
porous (0.5 p.) polypropylene ?lm, the pressures in 
volved are on the order of % psi between the anolyte and 
catholyte in a system pressurized 'to about 3 psig. 
Clearly, the pressures and membranes involved are not 
utilizing osmotic phenomena and the bene?ts of the 
invention are believed to be due solely to the displace 
ment of the two electrolyte interface, biased as above, 
and/or to the establishment of a suf?cient flow of one 
electrolyte through the barrier to overcome diffusion of 
harmful components of the other. 
The principles of the invention may be expanded for 

application to other electrochemical systems where a 
diffusing ion from a ?rst cell- compartment has a ten 
dency to precipitate in or otherwise poison the opposite 
electrode or opposite electrolyte if it reaches the other 
compartment of a two-compartment electrolytic cell 
and is therefore biased, in accordance with principles 
derived herefrom, to remain and react in its original 
compartment where chemical corrective means are 
available. For example, the decomposition rate of recir 
culating hydrogen peroxide electrolyte would be 
greatly accelerated by the diffusion of ferric ions from a 
second electrolyte. An appropriate pressure differential 
would attenuate this diffusion and limit the attendant 
decomposition losses. In a two electrolyte system 
where the presence of one ion might destroy the plating 
quality of another, (Cu/Zn), or where immersion plat 
ing consumes a metallic electrode, (Cu/Zn, Fe/Zn) a 
pressure differential can be used to control undesirable 
diffusion and enhance electrode utilization. 
The interface biasing can serve multiple purposes. It 

can be combined with other improvements such as the 
multichamber arrangement set forth in the first applica 
tion of Zito, cited above—-e.g. with such multi-chamber 
arrangement preventing catholyte to anolyte diffusion 
and the present invention limiting the converse diffu 
sion. 

An alternative to pressure differential interface bias 
ing is pre-saturation of the separator and/or sequential 
?lling of anolyte and catholyte compartments to effect 
said interface displacement. 
Numerous other objects, features and advantages of 

the invention will become apparent from and/or are 
described in detail, along with the foregoing, in ‘the 
following detailed description of preferred embodi 
ments, taken in connection with the accompanying 
drawings, in which 

BRIEF DESCRIPTION‘ OF THE DRAWINGS 

FIG. 1 is a diagrammatic sketch of fuel cell apparatus 
of the type described utilizing a combination of means 
for building up a pressure differential which can be used 
singly or in combination; 
FIG. 2 is a similar diagrammatic sketch of a fuel cell 

system which is operable in timed ?ll-drain sequence of 
anolyte and catholyte. 
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FIG. 3 is a generalized performance curve showing 
how curves of the type given in FIGS. 4-5 are gener 
ated. 
FIGS. 4-5 are graphs of performance data. 

DETAILED DESCRIPTION OF PREFERRED 
EMBODIMENTS 

Referring to FIG. 1, there is shown a preferred em 
bodiment of the fuel cell 100 comprising anolyte and 
catholyte compartments 101 and 102, respectively, 
formed by separation of the cell into two compartments 
by an intermediate microporous diffusion barrier 103- 
an electrochemical grade separator with pores on the 
order of 0.1 u diameter and a thickness of l-l0 mils. 
The cell has an anode 111 and cathode 112 in the ano 
lyte and catholyte compartments, respectively. The cell 
is formed by stacking the electrodes and barrier with 
separating spacer elements 113 having integral feed 
channels, and cover plates 115. A reservoir of anolyte 
121 supplies anolyte compartment 101 via a feed line 
123 and the anolyte compartment is drained by a drain 
line 125 and the drained anolyte can be pumped through 
a pump 131 for return to the reservoir 121. The catho 
lyte is fed from a catholyte reservoir 122 to catholyte 
compartment 102 via a feed line 124 and drained via a 
drain line 126 for recirculation to the reservoir via 
pump 132. A throttle valve 128 can be provided in an 
alternative catholyte drain line 126 for purposes hereaf 
ter described. 
The particulars of construction of the cell 100 in sin 

gle cell form or in multi-cell form can be as described in 
the said application Ser. No. 256,924 or in the above 
cited copending application of Williams. It will be un 
derstood that while only a single cell is shown here, the 
invention can be practiced on some or all of the unit 
cells of a multi-cell array. 

In accordance with this preferred and distinctly ad 
vantageous embodiment of the present invention, the 
cell constructions of the above referenced disclosures 
are modi?ed by means for inducing a pressure gradient 
to bias the anolyte/catholyte interface. On such means 
is the establishment of a pressure differential by provid 
ing differing vertical heights for the lines 123 and 124. 
This height differential AH can be as little as a few 
inches difference or several feet. Another such means 
which can be used where the interface biasing is done 
by establishing higher pressure in catholyte than ano 
lyte is to provide a throttle valve 128 in the alternative 
catholyte drain line 126, which, together with feed line 
124 and a positive displacement pump 132, forms a 
closed loop recirculating system with ?xed volumetric 
flow throughout. Still further methods of creating such 
pressure differential would include appropriate sizing of 
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drain lines 125, 126 and/or feed lines 123, 124 or of the . 
compartments 101, 102. If centrifugal pumps are used at 
131, 132, they can be regulated to create such a pressure 
differential. 
Dashed lines A, B, C and D indicate some possible 

locations of the two-electrolyte interface. The extremes 
of A and C wherein the interface is displaced into one or 
the other of the electrolyte compartments are undesir 
able —C because the objects of the invention are de 
feated thereby, and A because the large net ?ow 
through the barrier, in most cases, would increase losses 
by direct reaction at the expense of electrochemical 
reaction. Line B indicates the natural position of the 
interface in the center of the barrier. In the case of a 
metallic and/or sul?de ion containing anolyte and/or a 
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hydrogen peroxide containing catholyte, both of which 
would bene?t from the limiting of diffusion from the 
anolyte side of the barrier to catholyte side while allow 
ing ion transfer from catholyte to anolyte, the ideal 
interface location is D, near the anode-confronting face 
of the barrier 103 where the interface is washed by the 
flowing anolyte. Bias conditions can be adjusted to 
approximate this ideal by setting conditions, operating 
the cell and then examining the barrier 103 after opera 
tion to see if coating or clogging occurred at its anode 
confronting face (indicating that conditions B or even C 
may be occurring) by examining the catholyte and the 
cathode for telltale symptoms of undesirable diffusion 
namely rapid peroxide decomposition (metallic ion dif 
fusion) or sulfurization of the cathode and catholyte 
(sul?de ion diffusion) indicating that condition C had 
occurred, and by monitoring anolyte reagent utilization 
which .will decrease if the extreme condition of A is 
approached due to excessive bias. 
FIG. 2 shows another embodiment of the invention 

incorporating an alternative interface biasing approach. 
A cell 100 is constructed as in FIG. 1 with similar parts 
being similarly numbered. An anolyte feed line .23 
supplies anolyte from a reservoir 221 to the anolyte 
compartment 101 via a valve 225 having an operator 
227 and anolyte is drained to a storage vessel 321 via 
drain line 323 having a valve 325 with an operator 327. 
Catholyte is supplied from vessel 222 to catholyte com 
partment 102 via a feed line 224 having a valve 226 with 
an operator 228 and drained to a vessel 322 via line 324 
having a valve 326 with an operator 328. The valves 
may be simple hand valves or even check valves and no 
pump is shown here since the feed may be as simple as 
gravity feed, the cell being of the once-through type. A 
?rst cycle might involve feeding from 221 and 222 into 
the compartments 101 and 102, respectively, and then 
draining into compartments 321 and 322 respectively. 
Then for a subsequent cycle, the entire apparatus could 
be turned over so that vessels 321 and 322 are on top 
providing gravity feed to the cell 100 with drain to 
vessels 221 and 222. Pumps can be added, if desired, to 
supplement or in lieu of reliance on gravity feed. In the 
FIG. 2 embodiment, the desired positive bias of .anoly 
te/catholyte interface towards anolyte compartment 
101 can be established by timing sequence of ?ll of 
anolyte and catholyte in each such cycle so that the 
catholyte is ?lled ?rst and then the anolyte is subse 
quently ?lled or so that catholyte ?ll is at least phased 
ahead of anolyte ?ll. This has the effect of saturating’ the 
diffusion barrier 103 with catholyte and biasing the 
interface. Drain sequence would be the opposite of ?ll 
sequence. The time delay involved would be about one 
minute per 5 mil thickness of barrier depending on wet 
ting properties of the barrier. The preceding embodi 
ment can also be practiced through other means of 
saturating the membrane 103 such as by providing a 
lateral ?ow of soaking catholyte solution therefore 
-—i.e. from its edges inwardly. 
FIG. 3 shows the form of performance curve used for 

measuring the effectiveness of particular fuel cells. The 
curve shows voltage versus energy delivered in terms 
‘of ampere hours or ampere minutes. A dashed line indi 
cates the open circuit potential of the cell with fresh‘fuel 
and no load. The curve VL represents the actual cell 
voltage under load including internal IR drops as well 
as polarization losses. VD is generated by periodically 
interrupting the load on the cell and observing the re 
covered voltage or driving potential. Formost of our 
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systems, the electrodes do not recover from their polar 
ized state in the response time of the recorder and so 
only IR losses are eliminated. Cell reistance as measured 
alternatively corroborates this fact. Comparison of VD 
rather than VL eliminates the distracting in?uence of 
varying individual cell resistance. The fuel is considered 
spent when the driving potential, VD, drops to half of 
VD‘, its initial value. The percentage of total energy of 
the fuel which is delivered to this point is called reagent 
utilization (RU). 
FIGS. 4 and 5 show the percent of the initial driving 

potential developed - (this normalizes for varying cell 
resistance and current density) versus energy delivered 
(as time at constant current). 

It is an established criterion of the art that this curve 
should be essentially ?at and close to Vac until near 
100% reagent utilization at which point it would drop 
sharply. In practice, with recirculating systems such as 
ours, polarization increases as fuel is depleted and the 
reagent utilization is somewhat less than 100%. 
FIGS. 4 and 5 represent experimental data plotted in 

accordance with the foregoing key, FIG. A depicting 
performance of an aqueous sodium sul?de/acidic hy 
drogen peroxide fuel cell not utilizing a pressure differ 
ential to attenuate sulfurization of the cathode compo 
nents, and FIG. 5 showing performance of a similar cell 
using an interface bias means as explained above in 
connection with FIG. 1. In particular, reservoirs were 
used with the height of the anolyte reservoir 123 being 
101.5 inches and the height of the catholyte reservoir 
124 being 112.5 inches giving a pressure differential of 
about 0.4 psi in a system pressurized to about 4 psig. 
The fuel cells were single cells of 60 in2 electrode area 

with 0.030 inch electrolyte compartments and a 0.010 
inch microporous polyethylene separator (W. R. Gra 
ce’s Daramic). 
The cell of FIG. 4 was operated at 1 amp/in2 and had 

an internal resistance of 5 m0. Curves 10, 20, and 30 
represent successive cycles with fresh electrolytes. The 
degradation is readily apparent. Solid sulfur was ob 
served in the catholyte and on the cathode surface. 
The cell of FIG. 5 had an internal resistance of 9 m0 

and was operated at & A/in2 with a pressure differential 
of 0.4 psi as described above. Curves 40-50, 60-70, 80 
and 90 represent four cycles of the cell, the ?rst two 
cycles were twice as long as the others and had partial 
fuel replenishment while in operation between curves 
40-50 and 60-70. Signi?cant is the fact that the cell 
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6 
operates as well at curve 90 as it did initially at 40, 
representing about ten hours intervening operation. 

It is evident that those skilled in the art may make 
numerous modi?cations and uses of and departures 
from the speci?c embodiments described above without 
departing from the inventive concepts hereof. Accord 
ingly, it is intended that the invention shall be construed 
as embracing each and every novel feature and novel 
combination of features present in or possessed by the 
apparatus or prcess herein described and that the fore 
going disclosure shall be read as illustrative and not as 
limiting except to the extent set forth in the claims ap 
pended hereto. 
What is claimed is: ' 
1. Method of operating a fuel cell comprising, 
means forming a ?rst compartment and an anode 

therein, 
means forming a second compartment and a cathode 

therein, the second compartment being adjacent the 
?rst compartment, 

means forming a microporous ion diffusion membrane 
separating said compartments, 

a liquid electrolyte in said ?rst compartment and a 
liquid electrolyte in said second compartment, and 
an interface between said electrolytes located 
within said membrane, 

one of said electrolytes comprising a fuel dissolved 
therein and the other of said electrolytes compris 
ing an antifuel dissolved therein, through 

the step of establishing a pressure differential between 
said electrolytes so that there is a pressure gradient 
between the liquids in a direction to combat unde 
sired transport, which would naturally occur in the 
absence of speci?c establishment of such combating 
pressure differential, of an ionic species contained in 
one of the electrolytes which tends to poison the 
other electrolyte or electrode of the other electro 
lyte compartment, if transported thereto, or to .poi 
son the membrane if transported therein. 

2. Method of operating a fuel cell in accordance with 
claim 1 wherein the pressure differential is controlled to 
displace the two electrolyte interface within the mem 
brane towards the electrolyte which contains the poten 
tially poisoning ionic species. 

3. Method in accordance with claim 1 wherein the 
anolyte comprises aqueous sodium sul?de solution and 
the pressure is maintained higher in the catholyte than 
in anolyte to counteract sul?de ion transport. 

‘I i 1‘ it it 


